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Most bacterial exported proteins cross the cyto-
plasmic membrane as unfolded polypeptides.
However, little is known about how they fold during
or after this process due to the difficulty in detecting
folding intermediates. Here we identify cotransla-
tional and posttranslational folding intermediates
of a periplasmic protein in which the protein and
DsbA, a periplasmic disulfide bond-forming enzyme,
are covalently linked by a disulfide bond. The
cotranslational mixed-disulfide intermediate is, upon
further chain elongation, resolved, releasing the
oxidized polypeptide, thus allowing us to follow the
folding process. This analysis reveals that two cyste-
ines that are joined to form a structural disulfide can
play different roles during the folding reaction and
that the mode of translocation (cotranslational verse
posttranslational) can affect the folding process of
a protein in the periplasm. The latter finding leads
us to propose that the activity of the ribosome
(translation) can modulate protein folding even in
an extracytosolic compartment.
INTRODUCTION
In living organisms, most exported proteins cross the cyto-
plasmic membrane through the Sec channel (Wickner and
Schekman, 2005). In order for it to go through the channel,
a protein must be maintained in an unfolded state (Liu et al.,
1988; Osborne and Rapoport, 2007). However, poorly under-
stood is the nature of the folding process of a protein during
and after its passage through the channel (Akiyama and Ito,
1993; Ureta et al., 2007).
A critical step in the folding of many exported proteins is the
formation of disulfide bonds (Sevier and Kaiser, 2006). Thus,
one convenient way to study aspects of folding of an exported
protein in vivo is by following the appearance of disulfide bonds
in that protein (Jansens et al., 2002).
Disulfide bonds are generally introduced into exported
proteins by members of the thioredoxin superfamily in both1164 Cell 138, 1164–1173, September 18, 2009 ª2009 Elsevier Inc.prokaryotes and eukaryotes (Kadokura et al., 2003; Sevier and
Kaiser, 2006). In the periplasm of Escherichia coli, the formation
of disulfide bonds is catalyzed by the protein DsbA, a thioredoxin
superfamily member, which oxidizes substrates by donating
its disulfide bond to a pair of cysteines on a substrate (Bardwell
et al., 1991; Kamitani et al., 1992). The process likely begins
with the attack by a deprotonated cysteine of the substrate
protein on the disulfide bond of DsbA, leading to a short-lived
complex of DsbA and substrate linked together by an intermo-
lecular disulfide bond (Figure 1A) (Kadokura et al., 2004). Next,
a deprotonated second cysteine of the substrate attacks the
mixed-disulfide to resolve the complex, releasing oxidized
substrate and reduced DsbA. Results obtained in vitro are
consistent with this model (Darby and Creighton, 1995; Frech
et al., 1996). However, due to the difficulty of detecting the
disulfide-linked enzyme-substrate complex, the process leading
to formation of a disulfide bond in a folding protein via this
complex has not been followed in vivo. Additionally, many ques-
tions remain about the mechanism of disulfide bond formation
in vivo. We do not know how formation of disulfide bonds is
coordinated with protein translocation and other folding
processes. We also do not know which cysteines in substrates
are used to form the intermediate mixed-disulfide complex
with DsbA.
We previously reported a mutation that generated a Pro151
to Thr change in DsbA, which slows down the resolution of
covalent mixed-disulfide complexes between DsbA and its
substrates and, thus, allows the detection of these intermedi-
ates (Kadokura et al., 2004). Here we use this mutant and
wild-type cells to follow the oxidative folding of a periplasmic
protein in vivo. This approach enables us to (1) delineate the
two steps of electron transfer that lead to the formation of a disul-
fide bond in a folding protein by a thioredoxin superfamily
member (Figure 1A) and (2) specify the substrate cysteine that
is used to form a disulfide-linked enzyme-substrate interme-
diate. Our results show that the two cysteines that form a struc-
tural disulfide bond can play different roles in the oxidative
protein-folding reaction catalyzed by a thioredoxin superfamily
member in vivo. Moreover, we provide evidence that the mode
of translocation can affect the protein-folding process in this
compartment. Our detection and characterization of the inter-
mediates reveal novel features of protein folding in an extracyto-
solic compartment.
RESULTS
Detection of Disulfide-Linked Complexes Formed
between DsbA and a Newly Synthesized PhoA
To better understand the folding process in vivo, we used pulse-
chase experiments to follow the time course and nature of the
intermediates in disulfide bond formation in alkaline phosphatase
(PhoA). PhoA is ahomodimeric periplasmicproteinwith two intra-
chain disulfide bonds, one between Cys168 and Cys178 and the
other betweenCys286 andCys336 (Bradshawet al., 1981). PhoA
is translocated across the cytoplasmic membrane by a mixed
co- and posttranslational mechanism in which a substantial
Figure 1. Oxidative Folding of PhoA In Vivo
(A) Substrate oxidation by DsbA.
(B) Use of the dsbA P151T mutant (lanes 7 to 18)
and wild-type strain (1 to 6) to study the oxidative
folding of PhoA. The strains expressing PhoAwere
pulsed for 30 s with [35S]-methionine and then
chased with cold methionine for 10 min in the
presence (lanes 13 to 18) or absence (1 to 12) of
chloramphenicol (Cm). The samples were AMS-
alkylated, immunoprecipitated with anti-PhoA
antibody, and analyzed by SDS-PAGE and autora-
diography. Relative molecular masses are shown
in kDa. The positions of the oxidized (oxi) and
reduced (red) forms of PhoA are indicated. See
Figure S7 for the identity of these bands. Open
arrowheads, nonspecific bands; asterisks, DsbA-
PhoA mixed-disulfide complexes; double aster-
isks, the ‘‘65 kDa’’ complex; upward arrow, the
elongating chains of PhoA.
(C) The PhoA sample as loaded in (B); lane 13 was
subjected to the second immunoprecipitation with
the indicated antibodies.
(D) The dsbA P151T mutant expressing PhoAss-
FLAG-PhoA or PhoA-FLAG was used to discrimi-
nate the cotranslational folding intermediates
from those of the posttranslational. The samples
were processed as in (B) but using anti-FLAG anti-
body and chase being done in the presence of
chloramphenicol.
portion of the polypeptide chain is synthe-
sized before protein translocation begins
(Josefsson and Randall, 1981; see also
Figure S1, available online, for cotransla-
tional and posttranslational transloca-
tion). To determine the oxidation (disul-
fide-bonded) status of PhoA at each
time point, cultures were directly treated
with acid to prevent any post-harvest
oxidation of cysteines, and the free cyste-
ines were alkylated with 4-acetamido-4’-
maleimidylstilbene-2,20-disulfonic acid
(AMS, 0.5 kDa). This modification retards
the mobility of the reduced form of
proteins on gels. Since the presumed
intermediates of oxidative folding that
form between DsbA and its substrates
have never been detected before in wild-
type cells, we first utilized the DsbA P151T mutant, which allows
detection of such covalent intermediates (Kadokura et al., 2004).
To follow the oxidation of PhoA, cellular proteins were pulse-
labeled with [35S]-methionine for 30 s at 30C, chased for up to
10min, and immunoprecipitatedwith anti-PhoA antibody. Imme-
diately after the pulse, a small fraction (8%) of PhoA is in the
oxidized form (Figure 1B, lane 7, oxi; see also Figure S2, lane 7).
The remainder runs at (1) the positions of the reduced forms (red),
(2) five positions representing complexes of apparently higher
molecular weights than PhoA (asterisks), and (3) positions of
possible nascent chains (upward arrow). Note that the reduced
forms are observed at the positions of the reduced PhoACell 138, 1164–1173, September 18, 2009 ª2009 Elsevier Inc. 1165
precursor still containing its signal sequence (faint upper band)
and the reducedmature PhoA (lower band). After a 10min chase,
PhoA is largely converted to the oxidized form (Figure S2, lanes
7 to 12). We suggest that the five higher-molecular-weight
bands (Figure 1B, lane 7, asterisks) represent disulfide-linked
intermediates containing bothDsbAandPhoA since these bands
disappear when the samples are treated with reductant before
electrophoresis (not shown, see also Figures 2A and 2B and
related discussion on it), and both anti-DsbA and anti-PhoA
antibodies precipitate them (Figure 1C). Importantly, these
complexes were also detected in wild-type cells, although not
appearing as prominently on gels because they were present in
reduced amounts (Figure 1B, lanes 1 to 6; see also Figure 2B).
Detection in vivo of a disulfide-linked complex between a thiore-
doxin superfamily member and its folding substrate is difficult
(Appenzeller-Herzog and Ellgaard, 2008). Indeed, the amounts
of the complexes in wild-type cells indicated by the single aster-
isks are so small that it was necessary to slightly overexpose the
film in Figure 1B for their detection. Nevertheless, these results
show that the bands seenwith the P151Tmutant are not artifacts
generated by the alteration of DsbA, confirming the mutant’s
utility in allowing their detection. As described above, previously
DsbA-substrate complexes were only observed in cells with
a mutant DsbA. Our results indicate that these complexes also
exist in wild-type cells.
An Intermediate Complex Formed between the
Periplasmic Catalyst DsbA and the PhoA Polypeptide
Elongating from the Ribosome
We noticed that the smallest DsbA-PhoA complex, a diffuse
‘‘65 kDa’’ band (Figure 1B, double asterisk), behaves differently
Figure 2. Use of Nonreducing, Reducing 2D
SDS-PAGE to Follow the Oxidative Folding
of the Elongating Chains of PhoA
(A and B) The samples, prepared as in Figure 1D,
from the wild-type strain expressing PhoAss-
FLAG-PhoA that was pulsed and then chased for
the indicated times in the presence of chloram-
phenicol, were separated on the 2D gels.
(C and D) Two-dimensional gel analysis of the
folding of PhoAss-FLAG-PhoA with the [CCAA]
(C) or [AACC] (D) mutation. Signals on the diagonal
line above the PhoA precursor are those of back-
grounds, which become visible after long expo-
sure required to show the faint signals from the
intermediate complexes. See Results for details.
from the other complexes (single
asterisk). Note that this complex appears
to have a molecular weight lower than
that predicted for a complex containing
both full-length DsbA and full-length
PhoA. The latter should run at a position
corresponding to a molecular weight of
about 71 kDa. In the presence of chlor-
amphenicol, a peptide elongation inhib-
itor that freezes the polysome (Ennis,
1972), the four high-molecular-weight
complexes disappeared during chase accompanied by a
concomitant increase in the amount of oxidized PhoA
(Figure 1B, lanes 13 to 18; Figure S2, lanes 13 to 18). However,
the ‘‘65 kDa’’ complex persisted after the chase in the presence
of the inhibitor (Figure 1B, lanes 13 to 18), indicating that ongoing
peptide elongation is needed to resolve this complex. Surpris-
ingly, during the chase in the presence of chloramphenicol, we
observed an increase in the amount of the ‘‘65 kDa’’ complex
(see also Figure 1D, lanes 1 to 5). The implication of this finding
will be discussed later.
To further characterize what portion of PhoA was present
in the intermediates, we inserted a FLAG tag either at the
N terminus of PhoA after the signal sequence cleavage site
(PhoAss-FLAG-PhoA) or after the C terminus of the protein
(PhoA-FLAG) (Figure S3). Anti-FLAG antibody can pull down
nascent polypeptides from the N-terminally tagged but not the
C-terminally tagged construct because nascent polypeptides
have not completed synthesis of the C terminus. We found that
the ‘‘65 kDa’’ complex was precipitated by anti-FLAG antibody
only when we used the PhoAss-FLAG-PhoA (Figure 1D). This
result, together with the previous finding that ongoing peptide
elongation is needed to resolve the ‘‘65 kDa’’ complex, indicates
that it is a complex between DsbA and PhoA nascent chains.
In contrast, the other four higher-molecular-weight com-
plexes were pulled down from both FLAG-tagged constructs
(Figure 1D), indicating that they consisted of DsbA and full-length
PhoA.
To assess the nature of the PhoA in the intermediates, immu-
noprecipitates were separated by two-dimensional (2D) gel elec-
trophoresis in which the first dimensionwas nonreducing and the
second reducing (note that, in Figures 2, 3, 5, 6, S5, and S6, we1166 Cell 138, 1164–1173, September 18, 2009 ª2009 Elsevier Inc.
Figure 3. Two-Dimensional Gel Electrophoresis
and In-Gel AMS-Alkylation to Detect the Oxidation
of theCys168-Cys178 Pair in the ElongatingChains
of PhoA
HK353 (wild-type strain) expressing PhoAss-FLAG-
PhoA[CCAA] (A) or PhoAss-FLAG-PhoA[AAAA] (B) was
subjected to radio-labeling, AMS-alkylation, and immuno-
precipitation with anti-FLAG antibody. The latter variant
served as a negative control for the N-terminal disulfide
bond formation. After separation on a nonreducing gel,
the AMS-alkylated PhoA molecules were subjected to
reduction, in-gel AMS alkylation, and separation on the
second dimension gels. Note that, to achieve better sepa-
ration of the samples, the gels were run for longer time in
both dimensions.used the strain with wild-type DsbA). Each of the four high-
molecular-weight complexes yielded a spot that represents the
full-length mature PhoA (Figures 2A, 2B, and 2D, arrowhead),
supporting the conclusion that they contained DsbA and full-
length PhoA. In contrast, the reduced ‘‘65 kDa’’ complex yielded
a faint but reproducible short streak around 43 kDa (Figures 2A,
2B and 2D, marked as ‘‘65-kDa’’ complex; see also Figure 5B).
The apparent molecular mass of the complex (‘‘65 kDa’’)
agrees well with the sum of the molecular masses of DsbA
(21 kDa) and 43 kDa. Thus, PhoA forms a disulfide-linked
complex with DsbA when the polypeptide has elongated to an
approximate molecular mass of 43 kDa.
Oxidation of the Polypeptide Chain in the Periplasm
as It Elongates from the Ribosome
The long diagonal line on the same 2D gel, ending at the position
of the PhoA precursor (marked as ‘‘Reduced precursor’’), repre-
sents elongating chains of PhoA (Figure 2), since no correspond-
ing line is present when anti-FLAG antibody is used to precipitate
PhoA from PhoA-FLAG (compare lane 1 with lane 6 in Figure 1D).
From about 44 to 48 kDa, a streak appears above the diagonal
line (Figures 2A, 2B, and 2D, arrow) resulting in a doubling of
the line at this position. Our evidence indicates that this streak
consists of nascent chains that contain a disulfide bond in the
first nonreducing dimension causing them to move at a faster
rate in the first dimension than non-disulfide-bonded PhoA
chains of the same molecular weight. These chains then moved
more slowly in the second dimension after they had been
reduced. The greater gel mobility in the first dimension could
be due to the compactness of the protein generated by the disul-
fide bond. This conclusion is supported by the following analysis
of the effect of each of its two disulfide bonds on gel mobility of
PhoA species.
To determine which cysteine pair of PhoA (Cys168-Cys178 or
Cys286-Cys336) is involved in the formation of the nascent intra-
chain disulfide bond that generates the more slowly moving
streak, we asked which of the two disulfide bonds affects
mobility on gels in this way. Each of the two cysteine pairs was
mutated separately to convert both of the cysteines to alanine
and the oxidation of the nascent chains in these two species ofCPhoAwas studied.We found that the appearance of the off-diag-
onal streak depended on the presence of the Cys286-Cys336
pair but not the Cys168-Cys178 pair (Figures 2C and 2D). This
finding indicates that the formation of the intra-chain disulfide
bond in nascent PhoA polypeptides affecting mobility on gels
is due to the oxidation of the Cys286-Cys336 pair. These results
also indicate that the Cys286-Cys336 disulfide bond starts to
form when the polypeptide is elongated to 44 kDa. We also
found that the absence of the Cys286-Cys336 pair led to the
disappearance of the spot derived from the reduction of the
‘‘65 kDa’’ complex, indicating that this complex is one between
DsbA and one cysteine of this pair of cysteines (Figures 2C
and 2D). These results also suggest that the ‘‘65 kDa’’ complex
is an intermediate that precedes the formation of the Cys286-
Cys336 disulfide bond.
We note that, when the chase was done in the presence of
chloramphenicol, the disulfide bond seen in the streak above
the diagonal line formed at slightly earlier stages of translation
and did so more efficiently (Figures 2A and 2B). The formation
of the ‘‘65 kDa’’ complex, as mentioned above, was also
enhanced during the chase (Figure 1B, lanes 13 to 18 and
Figure 1D, lanes 1 to 5). These findings can be most readily
explained by assuming that the nascent chains could still
undergo further translocation even though protein synthesis
was blocked during the chase. In this way, the appropriate cyste-
ines were exposed in the periplasm allowing formation of DsbA-
PhoA complexes and of the carboxy-terminal disulfide bond. In
fact, the enhanced accumulation of the ‘‘65 kDa’’ complex
observed during the chase was largely diminished by azide,
a translocation inhibitor (Oliver et al., 1990) (Figure S4). Thus,
the nascent chains underwent translation-uncoupled transloca-
tion into the periplasm during the chase period.
Use of 2D, In-Gel Alkylation to Study the Oxidation
of a Closely Located Cysteine Pair
The reduction of the Cys168-Cys178 disulfide did not change the
migration of PhoA on gels (Figure S5A, lanes 5–6), consistent
with a previous report (Sone et al., 1997b). This observation
can explain why oxidation of this cysteine pair did not lead to
a streak comparable to that seen with the Cys286-Cys336 pairell 138, 1164–1173, September 18, 2009 ª2009 Elsevier Inc. 1167
on the 2D gel (Figure 2C). To allow visualization of nascent chains
containing the Cys168-Cys178 disulfide bond, we caused alter-
ation of its mobility on gels by performing an in-gel AMS alkyl-
ation step after AMS-alkylated proteins had been run on the first
gel and treated with reductant. This step adds 0.5 kDa to each
cysteine that had been involved in a disulfide bond, causing the
originally oxidized chains to migrate more slowly on the second
gel. With this new approach we were able to detect the oxidation
of the first cysteine pair (Figure 3A). This oxidation occurred
when the polypeptides were elongated to approximately 39 kDa
(Figure 3A), not surprisingly an earlier point than that seen for the
formation of the C-terminal disulfide bond, but at a considerably
longer time after the cysteines had been incorporated into the
protein. This finding is consistent with previous studies that
showed that a considerable length of the PhoA polypeptide is
made before translocation across themembrane begins (Josefs-
son and Randall, 1981).
We were unable to detect a DsbA-PhoA mixed-disulfide inter-
mediate that leads to the formation of the Cys168-Cys178 disul-
fide bond (Figures 2C and 3A).We suppose that this intermediate
is quite short-lived as the close proximity of these two cysteines
should result in themixed-disulfide with DsbA being immediately
attacked by the closely following cysteine to resolve this
complex and form the disulfide bond. This situation contrasts
with that of the ‘‘65 kDa’’ complex where the two cysteines
(Cys286 and Cys336) are separated by 49 amino acids.
Identification of the Substrate Cysteine that Is Used to
Form the Nascent Chain Mixed-Disulfide Intermediate
To further study themechanismof formation of theC286-Cys336
disulfide bond, we analyzed the structure of the ‘‘65 kDa’’ DsbA-
PhoA complex, using cysteine-to-alanine mutants of PhoA.
Introduction of a C286A mutation into PhoA (Figure 4A, lanes
9–12), but not of a C336A mutation (lanes 5–8), prevented the
formation of this intermediate. Thus, Cys286 of PhoA is the
cysteine that attacks DsbA to form the ‘‘65 kDa’’ complex
(Figure 4B). However, the C286Amutant also formed a complex,
but it moved to around a 69 kDa position 4 kDa higher than the
‘‘65 kDa’’ complex. The 69 kDa complex is not seen when both
Cys286 and 336 are present in PhoA. This finding indicates
that Cys336 can attack DsbA in the absence of Cys286, but
only when the polypeptide is elongated further to around 47 kDa.
However, the predominance of the ‘‘65 kDa’’ complex when both
Cys286 and Cys336 are present indicates that, with the native
PhoA, Cys286 is normally used to attack DsbA to form the inter-
mediate during translocation (see, for contrasting conditions, the
section following the next one).
SRP-Dependent Signal Sequences Drive
Cotranslational Folding
In our pulse-chase experiments, a portion of PhoA is found as
full-length precursor at early time points (e.g., ‘‘Reduced
precursor’’ in Figures 2A and 5A). Since this precursor chases
intomature PhoA, this speciesmust have crossed themembrane
posttranslationally (Figure S1A). This finding is consistent with
previous reports that the processing of many secretory proteins,
including PhoA, occurs both cotranslationally and posttransla-
tionally in vivo (Josefsson and Randall, 1981). To determine1168 Cell 138, 1164–1173, September 18, 2009 ª2009 Elsevier Inc.further whether the folding of a protein might be influenced by
themechanismof its export, wealso causedPhoA to beexported
predominantly by the cotranslational pathway (Tian and
Bernstein, 2009). We did this by replacing the signal sequence
of PhoA with the signal sequences of SfmC and TorT
(Figure S3), which utilize the signal recognition particle (SRP)
pathway to direct cotranslational targeting of the protein to the
translocation channel in contrast to the native PhoA signal
sequence (Huber et al., 2005). In these experiments, consistent
with a cotranslational initiation of protein export, we found no
accumulation of the signal sequence-containing precursor of
PhoA in the pulses (compare Figure 5A, lanes 5 to 8 and
Figure S6A, lanes 1 to 4 with Figure 5A, lanes 1 to 4). Separation
by 2D gel of the PhoA products from these variants shows that
disulfide bond formation in these constructs occurs cotransla-
tionally (Figures 5B and S6B), indicating the coupling of protein
export and oxidative folding.
Interestingly, we found that the continuation of protein export
and oxidative folding seen with the PhoA signal sequence during
Figure 4. Analysis of the Structure of the DsbA-PhoA Complexes
(A) Use of cysteine-to-alanine mutations to determine the cysteine on PhoA
that is used to form the ‘‘65 kDa’’ complex (double asterisks) and the other
DsbA-PhoA complexes (asterisks). The dsbA P151T mutant strain, expressing
PhoAss-FLAG-PhoA with the indicated cysteine-to-alanine mutations, was
labeled, chased, and processed as described in Figure 1D except that
20 mM N-ethylmaleimide was used instead of AMS. See Results for the
69 kDa complex that appeared with the C286A mutation. Note that some of
the high-molecular-weight complexes appeared very strongly when the
resolving cysteine of the pair was mutated. See Supplemental Text for discus-
sion on this finding.
(B) Model for the ‘‘65 kDa’’ complex.
the chase in the presence of chloramphenicol were absent
when the SRP signal sequences were used (e.g., compare the
‘‘65 kDa’’ complex formation in Figure 1D, lanes 1 to 5 and
Figure 5A, lanes 1 to 4 with that of Figure 5A, lanes 5 to 8).
This finding suggests that when the SRP pathway is used,
protein export and folding are tightly coupled to peptide elonga-
tion at least at late stages of translation. This finding is unex-
pected because, unlike mammalian SRP, bacterial SRP failed
to exhibit ‘‘elongation arrest,’’ a mechanism to couple peptide
elongation to protein translocation (Powers and Walter, 1997).
Finally, we point out that, when we use SRP-dependent signal
sequences for PhoA export, we observe the efficient formation of
the ‘‘65 kDa’’ complex, which is followed by chain oxidation
(Figure 5B).
Figure 5. The SfmC Signal Sequence Drives Cotranslational Export
and Folding of PhoA
(A) The export of PhoA was studied by SDS-PAGE using the samples pro-
cessed from the wild-type strain expressing PhoAss-FLAG-PhoA (lanes 1 to 4)
or SfmCss-FLAG-PhoA (5 to 8) as described in Figure 1D.
(B) Oxidative folding of PhoA from SfmCss-FLAG-PhoA was studied by 2D
separation of the sample from the 0 min chase time point. The gels were run
for longer time in both dimensions.CStudies on the High-Molecular-Weight Complexes
Up to this point, the high-molecular-weight disulfide-linked
complexes formed between DsbA and the completed chains
of PhoA remained a mystery. To gather further insight into the
nature of these complexes, we used the same cysteine-to-
alanine mutations described above to determine their disulfide
bond connectivity. In contrast to the nascent-chain mixed-disul-
fide intermediate that was exclusively formed betweenDsbA and
Cys286, the high-molecular-weight mixed-disulfide complexes
included ones that used either Cys286 or Cs336 for the linkage
with DsbA (Figure 4A, asterisks). To analyze the structure of
these high-molecular-weight complexes, we purified them using
a hexa-histidine tag fused to DsbA (Kadokura et al., 2004) and
a FLAG tag fused to PhoA. Upon analysis of the purified
complexes by mass spectrometry, we detected tryptic frag-
ments from DsbA and PhoA but not of any other protein (not
shown), showing that they consist only of these two proteins.
Since Cys33, the C-terminal cysteine of the CXXC active site of
DsbA, is inaccessible to the surface of the protein, Cys30 should
be the only cysteine available from DsbA for the mixed-disulfide
formation with PhoA. On the other hand, from the PhoA mutant
variants, only one cysteine (either Cys286 or Cys336) is available.
Accordingly, the high-molecular-weight complexes are likely
to include heterodimers of DsbA and the completed chain of
PhoA linked by Cys30 of DsbA and either Cys286 or Cys336 of
PhoA.
It should be noted that the high-molecular-weight complexes
migrated in gels differently in two ways. First, the high-molec-
ular-weight complexes formed between DsbA and Cys336 of
PhoA migrated faster than those formed between DsbA and
Cys286 of PhoA (Figure 4A). This behavior can be explained by
the fact that the rate of migration of denatured covalent
complexes in gels does not depend only on the sum of the
molecular weights of the components but also depends on the
branch structure (Cho et al., 2007). Second, the electrophoretic
mobilities of two of the high-molecular-weight complexes (corre-
sponding to calculated molecular weights of 130 kDa and
150 kDa) are much slower than those expected from the sum
of the masses of DsbA and the full-length PhoA (71 kDa). Since
such slowly migrating molecules were not observed for the
nascent-chain mixed-disulfide intermediate, their appearance
likely requires a step that occurs only after the synthesis of the
C-terminal portion of PhoA. However, without further analysis,
we cannot speculate on the nature of these unusual complexes.
For study of the folding of PhoA that takes place during
translation (cotranslational folding), it is possible to use the chain
length as a timescale for the progression of event. However,
the folding that takes place after translation is completed
(posttranslational folding) lacks such a clear scale. This fact, in
conjunction with the presence of the several high-molecular-
weight mixed-disulfide complexes and the very transient nature
of the mixed-disulfide intermediate formation, prevents us from
establishing the precursor-product relationship for these larger
potential intermediates. Thus, it is not clear whether these high
molecular complexes are the intermediates of the same or
different pathways or whether they are on-pathway or off-
pathway intermediates. However, importantly, these results indi-
cate a difference in the kinds of the intermediate complexesell 138, 1164–1173, September 18, 2009 ª2009 Elsevier Inc. 1169
formed between the cotranslational folding and posttranslational
folding. We observe the presence of multiple complexes of
this sort occurring apparently after translation has been
completed, in contrast to the one mixed-disulfide intermediate,
the ‘‘65 kDa’’ complex, that occurred with cotranslational folding
(e.g., Figure 5B). Strikingly, the posttranslational high-molecular-
weight mixed-disulfide complexes used either Cys286 or
Cys336 of PhoA for their formation in contrast to the cotransla-
tional intermediate (‘‘65 kDa’’), which used only Cys286. These
findings lead us to consider it likely that differences between
translocation of proteins exported in a cotranslational versus
posttranslational mechanism result in differences in the folding
process of proteins in the periplasm.
In particular, since the intermediate formed during the cotrans-
lational export used only Cys286 for complex formation, the
more N-terminal cysteine of the Cys286-Cys336 pair, it appears
that oxidative folding of this protein proceeds more vectorially
from the N terminus to the C terminus during cotranslational
folding than it does during posttranslational folding in the
periplasm.
Signal Sequences Can Affect Protein Folding
in the Periplasm
To test whether the mode of export affects the folding process,
we constructed PhoA[CACC], a PhoA variant that lacks the
second cysteine, and exported it either cotranslationally with
the SfmC signal sequence or mainly posttranslationally with the
PhoA signal sequence. A mutant of this sort, lacking one of
the cysteines of the N-terminal cysteine pair, has been shown
to cause misfolding of this protein (Sone et al., 1997a). We
reasoned that cotranslational export causes rather tight vectorial
folding and, as a result, disulfide bonds form in order as each pair
of cysteines appears in the periplasm. If this is the case, then the
elimination of the second cysteine from the construct would
result in formation of an incorrect disulfide bond between
Cys168 and Cys286. This bond would seriously compromise
the folding of this protein, possibly resulting in decreased levels
of the protein in the cell.
Consistent with this expectation, the export of the PhoA
[CACC] variant by the cotranslational SfmC signal sequence
caused a stronger defect in the accumulation of this protein
than that of the same variant with its native PhoA signal
sequence (Figure 6A, lanes 3 and 9). This finding indicates that
the biosynthesis of PhoA with the C178A mutation is compro-
mised when this protein is exported with the cotranslational
signal sequence. Since there is a periplasmic disulfide bond
isomerase, DsbC, that acts to repair wrongly formed disulfide
bonds (Kadokura et al., 2003), we asked whether eliminating
DsbC from cells would affect the level of PhoA protein expressed
from these constructs. Strikingly, most of the PhoA[CACC]
exported with the SfmC signal sequence failed to accumulate
in the oxidized state in the dsbC mutant (lane 10), suggesting
that the majority of the protein did not fold properly in the
absence of the disulfide isomerase. Furthermore, when both
the first and second cysteines, Cys168 and Cys178, were
mutated to alanine, the levels of this protein were restored to
the levels of wild-type PhoA (Figure 6A, lanes 11 and 12). The
latter result establishes that the decreased accumulation of1170 Cell 138, 1164–1173, September 18, 2009 ª2009 Elsevier Inc.PhoA in the PhoA[CACC] variant exported by the SfmC signal
sequence is not merely due to the lack of the second cysteine
(Cys178) itself but to the presence of the unpaired cysteine
(Cys168) in PhoA. Thus, when exported by the cotranslational
signal sequence, the unpaired cysteine causedmore severemis-
folding of this protein than can be fully repaired by periplasmic
DsbC. These results show that the nature of a signal sequence
can affect the folding of the reporter protein in the periplasm.
DISCUSSION
In this study, we followed the steps of DsbA-catalyzed oxidative
folding of PhoA using pulse-chase experiments. Our analysis of
the process, in particular the detection and characterization of
the mixed-disulfide intermediate complexes formed between
PhoA and DsbA, provides new insights into protein folding in
an extracytosolic compartment.
Figure 6. The Signal Sequence Affects Protein Folding in the
Periplasm
(A) To study the effect of the signal sequence on the folding of PhoA lacking
Cys178, expression of PhoAss-FLAG-PhoA (lanes 1 to 6) or SfmCss-FLAG-
PhoA (lanes 7 to 12) with the indicated cysteine-to-alanine mutations was
induced with 10 mM IPTG at 30C for 50 min in the wild-type strain (lanes 1,
3, 5, 7, 9, and 11) or a DdsbC strain (lanes 2, 4, 6, 8, 10, and 12). The samples
were subjected to AMS-alkylation, SDS-PAGE, and western blotting with anti-
FLAG antibody.
(B) The activity of the ribosome can affect protein folding in the periplasm. See
Discussion for details.
Our data point to the following picture for the cotranslational
formation of the Cys286-Cys336 disulfide bond: The process
begins with Cys286 attacking DsbA when the PhoA polypeptide
elongates to about 43 kDa in length. This reaction leads to the
formation of a mixed-disulfide between DsbA and the nascent
chain of PhoA. Further elongation of the polypeptide allows
Cys336 to attack the mixed-disulfide, resulting in the resolution
of the complex and oxidation of the nascent chain. Our detection
of the ‘‘65 kDa’’ complex and demonstration of nascent chain
oxidation establish that protein folding in the periplasm can
occur as the polypeptide elongates from the ribosome.
Mixed-disulfide complexes between thioredoxin superfamily
members and their folding substrates have been detected in
both prokaryotes and eukaryotes, but the detailed mechanism
of the formation of a specific disulfide bond via such a complex
has not been studied (Di Jeso et al., 2005; Kadokura et al.,
2004; Molinari and Helenius, 1999). One problem with the anal-
ysis of the complexes formed between a thioredoxin superfamily
member in eukaryotes and its substrates is that the substrates
often have many disulfide bonds, which makes analysis of the
process difficult. Furthermore, the very transient nature of the
mixed-disulfide complexes makes it hard to detect the interme-
diate complexes themselves (Appenzeller-Herzog and Ellgaard,
2008). Using a simple substrate (PhoA) with only two disulfide
bonds and both the wild-type cells and the dsbA P151T mutant
enabled us to delineate the steps of electron transfer leading to
the formation of the C-terminal disulfide bond of PhoA. Our visu-
alization of the steps of cotranslational formation of the disulfide
bond provides direct evidence that disulfide bond formation by
a thioredoxin superfamily member proceeds through a mixed-
disulfide complex between the enzyme and its folding substrate
in vivo.
Here we showed that, during cotranslational folding of PhoA,
Cys286 attacks DsbA to initiate the formation of the Cys286-
Cys336 disulfide bond. This step is followed by an attack of
Cys336 on the mixed-disulfide bond formed between DsbA
and Cys286, thus completing the formation of the disulfide
bond. These results provide direct evidence that two cysteines
of a folding protein can play different roles in the formation of
their disulfide bond in a process catalyzed by a thioredoxin
family member. The differentiation of the role of individual cyste-
ines in the formation of a disulfide bond may be important for
coordinating the steps involved in proper protein folding. This
may be the case particularly for proteins with complex disulfide
patterns.
We suggest that at least two factors may contribute to deter-
mining which cysteines attack DsbA during the process of
disulfide bond formation. First, evidently, the cysteine on the
substrate must be sterically available to DsbA for the reaction
to take place. Second, since the deprotonation of a sulfhydryl
group is required for a cysteine to attack a disulfide bond, the
reactivity of a substrate cysteine may also be influenced by its
pKa. In the case of PhoA that is cotranslationally crossing the
membrane, apparently the availability (first appearance in the
periplasm) of the cysteine determines which cysteine attacks
DsbA. Further studies that identify and characterize attacking
cysteines in proteins with complicated disulfide patterns by
detecting disulfide-linked intermediates with the dsbA P151TCmutant should help to reveal the relative roles of these properties
in determining oxidative protein-folding pathways.
When we compared cotranslational and posttranslational
folding of PhoA, we observed a difference in the types of
mixed-disulfide intermediates that formed. Using SRP-depen-
dent (cotranslational) and non-SRP-dependent (posttransla-
tional and cotranslational) signal sequences to promote PhoA
export, we detect one mixed-disulfide intermediate between
DsbA and PhoA during cotranslational folding (the ‘‘65 kDa’’
DsbA-PhoA complex) and four mixed-disulfide complexes
during posttranslational folding. We showed that whereas
Cys286, the N-terminal cysteine of the Cys286-Cys336 pair, is
used to form the cotranslational intermediate, the posttransla-
tional complexes could use either Cys286 or Cys336 to form
an intermolecular disulfide bondwith DsbA. Further, we showed,
using the C178A mutant, that, in contrast to posttranslational
folding, cotranslational folding of PhoA is very sensitive to the
presence of an unpaired cysteine in the protein. These findings
are consistent with the proposal that oxidative protein folding
in the periplasm occurs more vectorially from the N terminus to
the C terminus during protein synthesis than after completion
of protein synthesis and indicate that the mode of translocation
(cotranslational verse posttranslational) can affect the folding
process of a protein in the periplasm.
The apparent vectorial nature of disulfide bond formation, as
shown here for PhoA, especially during its cotranslational
folding, may be a shared property of many bacterial exported
proteins (Berkmen et al., 2005; Jansens et al., 2002). If so, disul-
fide bonds would tend to be formed between cysteines that
appear sequentially in the polypeptide, leading to the formation
of incorrect disulfide bonds in those proteins that should include
nonconsecutive disulfide bonds. In fact, efficient folding of
certain E. coli proteins with nonconsecutive disulfide bonds
requires the bacterial disulfide bond isomerase DsbC for the
repair of incorrect disulfide bonds (Berkmen et al., 2005; Hiniker
and Bardwell, 2004). In addition, for those organisms that make
disulfide bonds, the majority of bacterial cell envelope proteins
appear to have evolved to avoid an unpaired cysteine, perhaps
to prevent the formation of inappropriate disulfide bonds (Dutton
et al., 2008). Nevertheless, our results on the behavior of PhoA
during the posttranslational folding together with the findings
of others (Messens et al., 2007) indicate that oxidative folding
does not necessarily proceed vectorially in this organism.
How might the mode of translocation affect the folding
process of a protein? There is reason to think that the steps in
protein folding in the periplasm may depend on the rate at which
a protein is translocated across the cytoplasmic membrane and
appears in the periplasm. In a cotranslational mechanism of
translocation, the rate of appearance of the protein in the peri-
plasm is dependent on protein synthesis. In posttranslational
translocation it depends on the efficiency of the Sec apparatus
to drive proteins through the membrane. That these processes
do result in different rates of protein translocation is supported
by studies that estimate that protein translocation through the
SecYEG channel is more than ten times faster than that of
protein translation (Matsuyama et al., 1992; Pugsley, 1993). To
calculate the rate of protein translocation, these reports use (1)
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number of polypeptides a single cell needs to export per gener-
ation, and (3) the estimated average size of exported polypep-
tides. These calculations would indicate that, during cotransla-
tional export, the rate of translocation is limited by the rate of
peptide elongation from the ribosome and, thus, a polypeptide
chain appears in the periplasm more slowly than when it is
exported in a posttranslational manner. Therefore, when the
polypeptide is crossing the channel in a cotranslational manner,
it may be the slowness in the appearance in the periplasm
that results in polypeptide folding more vectorially from the
N terminus to the C terminus as we have observed in our exper-
iments. In addition, the presence of the ribosome attached to the
nascent chain itself might influence the way a protein passes
through the channel or its rate of translocation (e.g., by altering
the interaction between SecA and the nascent chain), thereby
affecting protein folding in the periplasm.
It is well established that the ribosome plays an important role
in protein folding in the cytosol of organisms (Albanese et al.,
2006; Evans et al., 2008; Fedorov and Baldwin, 1997; Rutkowska
et al., 2008). Here, we propose that the activity of the ribosome
(translation) can also affect extracytosolic protein folding in
a compartment such as the periplasm (Figure 6B). The signifi-
cance of this concept should apply to eukaryotes as well as
bacteria since both cotranslational and posttranslational protein
translocation into the endoplasmic reticulum have been demon-
strated (Wickner and Schekman, 2005).
Interestingly, the ‘‘65 kDa’’ complex, formed between DsbA
and Cys286 of the nascent chain of PhoA, persisted after the
chase in the presence of chloramphenicol both in the wild-type
cells and in the P151T mutant (Figures 1B and 5A), indicating
that this complex is highly stable. The stability can be explained
in part by the unavailability of the partner cysteine (Cys336) at the
time when the complex forms. However, one might still have
imagined that the resolving cysteine of DsbA (Cys33) could
attack the intermolecular disulfide bond, reversing the reaction
and generating oxidized DsbA and PhoA with the Cys286 in
the reduced state. However, the stable nature of this complex
suggests that DsbA or its substratemay have evolved to stabilize
intermediate complexes thus promoting forward reactions.
Perhaps, one of the features of DsbA that contributes to the
stability of this complex is its high redox potential.
The methods we have developed for this work provide useful
tools for the studies of the coordination between protein export
and folding processes in E. coli and in other organisms. These
methods include positional tagging to discriminate co- and
posttranslational folding, in-gel AMS alkylation to detect oxida-
tion of closely located cysteines, use of the dsbA P151T mutant
to facilitate the detection of the mixed-disulfides, and use of
SRP-dependent signal peptides to coordinate peptide elonga-
tion with protein export.
In this paper, we have shown, by detailed analysis of the
formation of disulfide bonds, that it is possible to follow in vivo
aspects of the folding of proteins exported to the bacterial cell
envelope. Our demonstration that we can observe cotransla-
tional, cotranslocational oxidative folding intermediates, as well
as posttranslational steps encourages us to believe that it should
be possible to assess the role of many cellular factors in protein
folding. Future studies will determine how periplasmic molecular1172 Cell 138, 1164–1173, September 18, 2009 ª2009 Elsevier Inc.chaperones (Harms et al., 2001), peptidyl-prolyl cis-trans isom-
erases (Duguay and Silhavy, 2004), export machinery proteins
such as SecD and SecF (Ureta et al., 2007), and the ribosome
cooperate with the disulfide catalyst to drive protein folding.
EXPERIMENTAL PROCEDURES
Strains and Growth Conditions
Strains and plasmids are listed in Table S1. Unless otherwise noted, cultures
were grown at 30C in M63 glucose medium (Kadokura et al., 2004) supple-
mented with appropriate antibiotics and amino acids.
Pulse-Chase, Alkylation, and Immunoprecipitations
To follow the oxidative folding of PhoA, cells harboring a plasmid encoding
each PhoA construct were grown at 30C until saturation in M63 glucose
medium supplemented with 50 mg/ ml of each of 18 amino acids (all except
for methionine and cysteine) and 200 mg/ml of ampicillin and then were subcul-
tured 1:100. When the culture was grown to an optical density at 600 nm
(OD600) of 0.3, expression of the PhoA construct from the plasmid was induced
by addition of isopropyl-b-D-thiogalactopyranoside to a final concentration of
10 mM. Note that the expression level of PhoA is critical for the success of
experiments of this sort as the expression of this protein above a certain level
causes inefficient export or folding of the protein, which becomes a problem
especially when cotranslational export and folding are studied. When the
culture reached an OD600 of 0.5, the cells were pulse-labeled for 30 s with
40 mCi of [35S]-methionine per 1 ml and chased with a final concentration of
0.1% methionine. When used to prevent peptide elongation, chloramphenicol
was added at the beginning of the chase to a final concentration of 100 mg per
ml. After chase, a portion of the culture (800 ml) was harvested and immediately
mixed with 100 ml of 100% trichloroacetic acid and kept on ice for 20 min to
stop peptide elongation and further export of proteins and to inhibit the
reactivity of cysteines. To analyze the formation of mixed-disulfides and to
determine the in vivo redox states of proteins, the free cysteines in the sample
were subjected to alkylation, unless otherwise noted, with 10 mM AMS
(4-acetamido-40-maleimidylstilbene-2,20-disulfonic acid, Invitrogen-Molecular
Probes, Eugene, OR, USA) as described (Kadokura et al., 2004). After alkyl-
ation, the PhoA product was collected from the samples by immunoprecipita-
tion essentially as described (Ito et al., 1981) using an appropriate antibody.
The precipitated proteins were separated on a 10% SDS-polyacrylamide gel
and visualized by aBiomaxMR film (Kodak, Rochester, NY, USA) or a Typhoon
9400 Imager (Amersham Biosciences, Sunnyvale, CA, USA).
Nonreducing, Reducing Two-Dimensional Gel Electrophoresis,
and In-Gel Alkylation of Proteins with AMS
The immunoprecipitates from the pulse-chased samples were first separated
on a nonreducing gel. The gel lanes were cut out, incubated in Laemmli SDS
sample buffer containing 5% b-mercaptoethanol at 90C for 5 min. Then,
the proteins in the gel was separated on the second dimension gel. When
in-gel alkylation of proteins with AMS was needed, the gel lane from the first
dimension was treated with a reductant, TCEP (tris-(2-carboxyethyl)phos-
phine, hydrochloride) (Invitrogen), rinsed three times with water, and then
treated with AMS, prior to electrophoresis on the second dimension gel.
Details are provided in the Supplemental Data.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, Supple-
mental Text, seven figures, and two tables and can be found with this article
online at http://www.cell.com/supplemental/S0092-8674(09)00910-6.
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